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A~STRACT  The  mutagens,  urethane,  ethyl  urethane,  hydrogen  peroxide, 
desoxycholate, versene,  maleic hydrazide, butadiene dioxide, and triethylene 
melamine, all increase the proportion of virus-producing cells and streptomycin- 
resistant cells in  B.  megatherium  20A cultures to about the same extent. Aeri- 
flavine has no effect on the proportion of either type of cell. Triethylene mel- 
amine appears to cause mutations to occur without cell division. 
Viral nucleic acids are now known to have the same chemical and biological 
properties  as transforming principle nucleic acids and it is probable,  there- 
fore,  that they originate in the same way; i.e.,  as  a  result of a  mutation of 
the "host" cells. 
From this point of view, a  normal culture of bacteria consists principally 
of  antibiotic-sensitive,  virus-free,  virus-resistant  ceils.  Occasionally  a  cell 
mutates  and  becomes  antibiotic-resistant.  This  cell  contains  transforming 
principle nucleic acid, which may be isolated and used to infect other cells 
which then become resistant  also.  The  transforming  principle  nucleic  acid 
itself may be caused to mutate by treatment with mutagens (cf.,  for instance, 
Freese  and  Strack,  1962).  These  mutant ceils,  if cultured,  sooner  or  later 
back-mutate to the  original antibiotic-sensitive cell.  Since  these  grow more 
rapidly than the mutant ones, the original culture will be reproduced. The 
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antibiotic-resistant  cell  occurs  at  random,  in  accordance  with  Poisson's 
ratio,  and  may  be  isolated  by  Lederberg's  replica  technique  (Northrop, 
1957).  It is, therefore, a mutant by definition. 
In  a  similar way,  an occasional cell mutates and produces viral nucleic 
acid which causes the formation of phage particles,  and this  acid may be 
extracted and  used  to  infect other  cells  which then  produce more of the 
acid exactly as the antibiotic-resistant cells do.  This virus DNA, like trans- 
forming principle DNA,  may also be  caused to mutate by treatment with 
mutagens  (cf.,  for instance,  Silvestri,  1949;  Tessman,  1959;  Freese,  1961). 
The ability to mutate, which has been considered as  a  unique property of 
cells,  turns out to be a  general property of DNA. The fact that viruses may 
be caused to mutate, instead of distinguishing them from the transforming 
principle, serves to show the close relationship between them. 
The virus-producing cells occur at random, in accordance with Poisson's 
ratio, but cannot be cultured, since they are killed in the process of producing 
viral nucleic acid.  Some of the infected cells may back-mutate to give the 
original wild  virus-free, virus-resistant cells  (lysogenic cultures),  as  do  the 
antibiotic-resistant cells. 
The mutation to virus production, therefore, is harmful to the culture, as 
are most mutations, while the mutation to antibiotic resistance is strikingly 
beneficial and is, therefore, of a very rare type. 
If viral DNA, like transforming principle DNA, is formed by a mutational 
event, then mutagenic agents,  in  general,  should cause  approximately the 
same increase in  the proportion of virus-producing and antibiotic-resistant 
cells.  If,  on the  other  hand,  the reactions which cause  a  cell suddenly to 
produce  viral  nucleic  acid  differ in  kind  from  those  which result  in  the 
production of transforming principle nucleic acid, then the effect of mutagens 
on the two processes should be different. 
Previous work has shown that mutagens which were known to increase the 
proportion  of virus-producing cells  in  B.  megatherium 899  cultures  also  in- 
crease the proportion of antibiotic-resistant mutants  (Northrop,  1958, 1960, 
1961). 
The  present experiments show that  compounds which are  known to  be 
mutagenic in other systems also increase the proportion of virus-producing 
cells  and  antibiotic-resistant cells  to  about  the  same  extent in  cultures  of 
B. megatherium 20A. 
The results of these experiments are shown in Table I. 
All  the  mutagens,  with  the  exception  of  acriflavine,  about  double  the 
number of virus-producing cells and of streptomycin-resistant  cells. Acriflavine 
has no effect on either. 
It is  surprising that  a  variety of mutagens of entirely different chemical j.  H.  NORTHROP  Origin  of Bacterial Viruses. VII  973 
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properties should have the same effect on the proportion  of various mutants. 
This result indicates that the increase in mutation rate is caused, not by any 
specific reaction  between the  mutagen  and  the  nucleic  acid, 1 but  by some 
nonspecific reaction,  similar possibly to denaturation. 
Higher  concentrations  of hydrogen  peroxide,  butadiene  dioxide,  or  tri- 
ethylene  melamine  (TEM)  cause  nearly  complete  lysis of the  culture;  i.e., 
nearly all the cells produce virus.  The increase in the streptomycin-resistant 
cells cannot be determined under these conditions. 
Higher concentrations  of the other mutagens result in slower growth rates 
with  no  further  increase  in  the  proportion  of either  streptomycin-resistant 
mutants or of virus. 
In order to determine the mutation frequency rate constant,  or time rate constant, 
from the proportion of mutants given in Table I, it is necessary to know the effect of 
the mutagen on the growth rate of the mutants and of the wild cells, since the muta- 
tion frequency rate constant X =  (M/W),[(A  -- B)/2A] and the time rate constant 
C =  (M/W),(A  -- B) (Northrop and Kunitz,  1957). A is the growth rate of the wild, 
B, the growth rate of the mutant, and (M/W),, the equilibrium ratio of M/W. 
The simplest test for changes in (A -- B) is to maintain a mixed culture of mutants 
and wild cells in continuous logarithmic growth (by repeated dilution)  and to deter- 
mine  the  change  in  the  ratio  of M/W.  Under  these  conditions,  (A  --  B)  = 
[ln(MoWdM~Wo)]/t,  where M0  is  the  number  of mutants  at  the  start  and M~, 
the  number  of mutants  after  t  hours,  while  W0 and  Wt  are  the number  of wild 
cells (Northrop and Kunitz,  1957). 
When this test was carried out with the various mutagens,  it was found that 
maleic hydrazide and desoxycholate have a much greater effect on the growth 
rate  of the wild cells than  on the streptomycin-resistant  cells.  Urethane  has 
a  slightly  greater  effect.  These  mutagens,  therefore,  select  streptomycin- 
resistant  ceils  and  part  of the  effect  noted  in  Table  I  is  probably  due  to 
selection. This complicates the results with these mutagens. 
Hydrogen  peroxide,  versene,  and  triethylene  melamine,  on  the  other 
hand,  have no selective effect and the results reported are due to an increase 
in  the  mutation  rate.  This  conclusion  has  been  confirmed  for  hydrogen 
peroxide  and  triethylene  melamine  (of. below)  by the  null fraction  method 
of  determining  the  mutation  rate.  This  method  is  the  only  one  which  is 
independent  of either selective killing  or selective growth  (Lederberg,  1951). 
1 Nitrous  acid does react specifically with nucleic acid  (Mundry  and  Gierer,  1958),  but the effect 
is the same as that of all other mutagens tested (Northrop and (2avallero,  1961). 
Denatured  transforming  principle  nucleic  acid,  treated  with  nitrous  acid,  also  increases  the 
proportion  of several mutants  (Horn  and  Herriott,  1962). J.  H.  NORTIIROP  Origin  of Bacterial Viruses. VII  975 
The Effect of  Triethylene  Melamine ~ 
This mutagen is unusual in that it causes marked mutation with little or no 
effect on the viability or even on the growth rate of the culture. The effect is 
greater  with  slowly  growing  cultures  than  with  rapidly  growing  cultures 
and  there  is  some evidence that  the  mutations  occur without  cell  division 
(cf.  Szybalski,  1960).  This  is  undoubtedly true  as  regards virus  production 
and the present results indicate it is also true, in this case, in regard to the 
production of streptomycin-resistant ceils. 
Determination of the mutation rate by the null fraction method confirms 
the conclusion that  the increase in  the proportion  of mutants is  due to  an 
increase in the mutation rate  and not to selection.  The mutation time rate 
constant of the streptomycin-resistant cells in 5 per cent yeast extract peptone 
is  20  X  10  -7  hr. -1  and  in  the  presence of  1 mg triethylene melamine/ml, 
50  ×  10  -7  hr. -1.  The  mutation  rate  of the  virus-producing  cells  increases 
from 1  ×  10 -8 to  10  ×  10  -8 hr. -1. 
The change from virus-resistant to virus-producing cells must occur with- 
out cell division, since under some conditions the rate of production of these 
ceils  is  greater  than  the  growth rate  (Northrop,  1958).  Cells  infected with 
virus  transform to  virus-producing cells  without  cell  division  (Price,  1947; 
Herriott and Price,  1948;  Krueger et al.,  1948)  and cells infected with trans- 
forming  principle  nucleic  acid  also  transform  to  antibiotic-resistant  cells 
without  growth  (Fox,  1959;  Voll  and  Goodgal,  1961).  It will  be  assumed, 
therefore, in order to conserve hypotheses, that all the mutations occur at a 
time rate constant  C,  whether the culture is  growing or not.  Since in these 
experiments  C  (except for  triethylene melamine)  is  small  compared to  the 
growth rate,  C  --  2~A  and  there  is  little  practical  difference between the 
mutation  time  rate  constant  and  mutation  frequency constant. 
If this  assumption is correct and the mutations do occur without cell di- 
vision,  it follows that the appearance of new DNA's in the cell is the result 
of reaction with the mutagen or of turnover, rather than interference with 
the  replication  system  (4.  Novick  and  Szilard,  1950;  Ryan,  1955;  Ryan 
et al.,  1959). 
The results of three experiments calculated in this way are shown in Figs. 
1,  2,  and 3. 
The experiment shown in Fig.  1 was carried out by adding 1 mg triethylene 
melamine/ml to a slowly growing culture in 5 per cent yeast extract peptone 
containing  5  ×  108  cells/ml  and  the  culture  was  shaken  at  37 °.  The  tri- 
ethylene melamine has very little effect on the growth rate. 
The writer ks indebted to Dr.  Ruegsegger of the Lederle Laboratories  for samples of triethylene 
melamine. 976  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  -  VOLUME  46  •  x963 
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FIoum~  1.  Suspension in yeast extract peptone (5 X  10  a eeUs/ml)  -t- 1 mg triethylene 
melamlne/ml, shaken at 37 °. 
Calculation:  P/W  =  lC(e  (c-a)t  -  l)/(C  -  A)  "k  (Po/Wo)e(e-a)t;  l  =  burst 
size  =  200 
Control  -ITEM 
A  0.3  0.3 
B  0  0 
C  0.12  X  10-  3  5  X  10-  3 
t  =  (elapsed time -  1 hr.) 
Streptomycin-resistant  (SR) M / W  ffi  C(e  (B+c-a) t  - 
eCB+C--a) 
Control  -I-TEM 
A  0.3  0.3 
B  0.2  0.2 
C  2  X  10  -7  20  X  10  -7 
l)/(B  +  C-  A)  +  (Mo/Wo) 
The  increase  in  streptomycin-resistant  cells  does  not  occur  for  several 
hours  at which time the  growth has  ceased.  The curves were calculated by 
means  of  the  equations  derived  by  Northrop  and  Kunitz  for  the  rate  of 
appearance  of mutants  at  a  constant  fraction  (C)  of the  cells per  hour.  The 
time  used  for  calculation  of the  virus  is  1  hour  less  than  the  elapsed  time, j.  H.  NORTI-IROP  Origin  of Bacterial Viruses. VII  977 
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Flotn~  2.  Logarithmic growth suspension 3 X  I0  s  cells/nil  in yeast  extract  peptonc 
+l nag triethylene  melamine/ml, 3 tubcscach, I  hr. at25  °,  diluted  to I X  lO  ~  cclls/ml 
in yeast extract peptone, shaken at 37 °  . 
P calculated 
Control  ~EM 
l  200  200 
A  0.6  0.6 
B  0  0 
C  0.3  X  l0  s  2.4  X  l0  s 
C  by null fraction  1  X  10-  3  10  ×  10-  s 
Streptomycin-reslstant ceils calculated 
Control  TEM 
A  0.6  0.6 
B  0.45  0.45 
C  30  ×  I0  -~  175  X  10  -7 
C by null fraction  20  X  10  -7  50  X  I0  --~ 
since  about  1  hour  elapses  from the  time  virus  nucleic  acid  appears in  the 
cell and free virus appears. 
In  the  second  experiment  (Fig.  2)  the  triethylene  melamine  was  added 
to a  rapidly growing culture  containing  1  X  107 ceUs/ml.  The  mutagen  has 
little  or  no  effect  on  the  growth  rate,  but  causes  a  marked  increase  in  the E 
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FIGURE  3.  Effect of triethylenc  melamine  on  the  proportion  of virus-producing  and 
streptomycin-resistant  cells.  Two  mg  triethylene  melamine/ml  added  to  suspension 
of logarithmic growth  cells  (3  X  l0 s  celis/ml)  1  hr.  at  25 °.  Centrifuged,  washed  in 
0.01  per cent yeast extract peptone,  diluted to 2  X  107 cells/m1 in 0.01  per cent yeast 
extract peptone, and shaken  at 37 ° . 
S treptomycin-reslstant 
Phage  calculated  cells calculated 
A  0  0 
B  0  0 
C  2.5  X  10  -3  8  X  10  -7 
C by null fraction  10  X  10-  3  50  X  10  --7 
The values for  C are smaller than  those found by the null fraction method,  but the 
conditions  are  different,  since  the  null  fraction  test  was  carried  out  with  very dilute 
suspensions  in 5  per cent yeast extract peptone,  while this experiment was carried out 
with a  concentrated  suspension  in 0.01  per cent yeast extract peptone. j.  H.  NORTHROP  Origin  of Bacterial Viruses. VII  979 
proportion  of  virus-producing  and  of  streptomycin-resistant  cells.  If  the 
culture  is  maintained  in  continuous  logarithmic  growth  by repeated  dilu- 
tion, the mutagen  has less effect on either the virus or streptomycin-resistant 
cells.  It differs in this respect from all other mutagens tested with this system. 
In the third experiment the triethylene melamine was added to a  logarith- 
mically growing culture containing  3  X  108 cells/ml and allowed to stand  1 
hour  at  25 °.  The  cells  were  then  centrifuged  and  washed  in  0.01  per  cent 
yeast extract peptone,  suspended in the 0.01  per cent yeast extract peptone, 
and shaken  at 37 °.  The cell concentration  decreased slowly and there was a 
marked  increase  in streptomycin-resistant  cells after  1 to 2  hours.  The  virus 
concentration  increased  very rapidly  at  first  and  then  slowly,  at  about  the 
same rate as did the streptomycin-resistant  cells. 
The initial rapid increase is due to the fact that the virus present in the culture at 
equilibrium concentration at the start of the experiment is removed by centrifuging. 
This initial rapid increase is not due to the triethylene melamine and occurs in  the 
control  tube as well, for the  same reason.  The  streptomycin-resistant  cells,  on  the 
other hand, are not removed by the centrifuging, and hence, are present at  the start 
in the equilibrium concentration of the control and the subsequent increase is due to 
the triethylene melamine.  This experiment  is not always reproducible.  Some tubes 
show no increase in either virus or streptomycin-resistant cells. 
Similar experiments with megatheriurn 899,  however, result in significant increases 
in  virus-producing  ceils  and  terramycin-resistant  ceils  without  any  measurable 
growth or cell division (unpublished data). 
The increase in the proportion of mutants under  these conditions cannot  be ac- 
counted for by either differential killing or differential growth rates. 
EXPERIMENTAL  PROCEDURE 
Culture  The organism studied (B. megatherium 20A) was isolated by Dr. James 
S. Murphy from a sample of mud from San Francisco Bay (personal communication). 
It produces a  phage which lyses the KM indicator strain  and also megatherium 899, 
the lysogenic strain.  It is not infected by the megatherium 899 phages. When cultured 
by transfer either in liquid or solid media, the culture produces large, clear plaques. 
If grown continuously in the steady state apparatus, a number of different phages are 
produced, as in the ease of megatherium 899 (Northrop and Murphy,  1956) and lyso- 
genie KM (Northrop,  1961). 
The  proportion  of streptomycin-resistant  mutants  present  in  the  culture  is  also 
dependent on the temperature and conditions of growth.  In continuous logarithmic 
growth in yeast extract peptone, the growth rate of the wild ceils is 1.3 hr.-1 and  that 
of the streptomycin-resistant cells,  1.2 hr.-1 and the equilibrium ratio of streptomycin- 
resistant  colonies to cells  is  about 1/~06. If the  culture is allowed  to  stand  at  25  °, 
however, the streptomycin-resistant cells grow more rapidly than the wild ceils with 980  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  • VOLUME  46  -  z963 
the result that an almost pure culture of streptomycin-resistant cells is obtained. This 
is another example of the emergence of an antibiotic-resistant culture without expo- 
sure  to the antibiotic.  A  similar result was  obtained with B.  megatherium 899 when 
grown in the steady state apparatus  (Northrop, 1962). 
A  spore culture of the organism was  prepared as described by Grelet  (1951).  A 
loopful of this culture was transferred to yeast extract peptone and allowed to stand 
at 25  ° for 18 hours. The tube was then shaken at 37  ° to about 3  X  I0  s cells/ml.  It 
was then diluted one to ten and grown up again. 
Calculation  of the Rate of Appearance  of the Mutants  (Northrop and Kunitz, 
1957) 
The proportion of mutants to wild cells is M/W  =  2XA(eCn-a~t --  1)/(B  --  A)  -[- 
(Mo/Wo)eCS-a)t, if the mutants appear as a result of cell division, and X << 1. 
If the mutation occurs at the rate C, independent of cell division, the proportion is 
M/W  =  C(e<  c+n--a)' --  I)/C q- B  --  A  -b  (Mo/Wo)e  (c+n--x)t 
In the case of the virus-producing ceils, B  =  0 and P/l =  M, where l is the burst 
size and P  is the virus concentration. 
If there is no growth of the culture, A  =  0,  B  =  0,  and M/W  =  (e ct  --  1)  -b 
(Mo/Wo)e e'  or  if  W  =  W0,  M/Wo  =  (1  --  e  -e')  +  (Mo/Wo)  or  C  = 
--[In (1  -- (M --  Mo)/W)]/tor if [(M -- Mo)/Wo] <<  1, C =  (1/t)[(M --  Mo)/Wd. 
Received for publication, December 13,  1962. 
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